Introduction Tiron (4,5-dihydroxy-1,3-benzene disulfonate). Human serum transferrin is an 80 kDa glycoprotein which delivers Fe 3ϩ to cells via receptor-mediated endocytosis (Dautry-Varsat, 1986 ). This single-chain protein consists of two Materials and methods structurally similar lobes (40 kDa each) connected by a short Materials peptide and each lobe contains a metal binding site (Aisen, Recombinant N-lobe hTF/2N (residues 1-337) was expressed 1989; Harris and Aisen, 1989; Chasteen and Woodworth, 1990;  in baby hamster kidney cells and purified as described previ Baker, 1994) . Only the C-lobe is glycosylated (biantennary ously (Mason et al., 1991) . The labelled protein was produced chains at Asn413 and Asn611; MacGillivray et al., 1983) . The by introducing [ 15 N]tyrosine into a growth medium (DMEM-X-ray crystal structures of rabbit serum transferrin (Bailey F12 , custom formulation from Gibco-BRL) lacking tyrosine. et al., 1988; Sarra et al., 1990) and the related protein A gene for a mutant W128Y protein was created by sitelactoferrin (Anderson et al., 1987 (Anderson et al., , 1990 , show that the Fe 3ϩ directed mutagenesis. Iron was removed by treatment with in each lobe has approximately octahedral coordination from NTA and EDTA (both 1 mM) in 0.5 M sodium acetate, pH 4.9, two Tyr oxygens, one His nitrogen, one Asp oxygen and two followed by concentration in a Centricon 10 microconcentrator oxygens from a bidentate carbonate anion. Metal ions cannot (Amicon). bind strongly in this site without concomitant binding of a Stock solutions of Ga 3ϩ [47 mM; referred to as Ga(NTA) 2 ] synergistic anion.
were prepared from gallium atomic absorption standards (1000 In this work we investigated the effect on metal binding p.p.m. in 5% HNO 3 , Johnson Matthey) by addition of 2 mol and release of mutation of Trp128 in the recombinant N-lobe equiv. of solid H 2 NTA (Aldrich). The pH was then adjusted of human serum transferrin (hTF/2N) to a tyrosine residue. On either side of Trp128 of hTF are Leu122 and Ile132 and to 6.5 using NaOH and the solution freeze-dried and redissolved in D 2 O. Potassium oxalate (ACS reagent) was purchased where necessary as above. Additions of the Ga(NTA) 2 solution were made to the protein samples containing oxalate to give from Aldrich. NMR samples were prepared by exchange of the samples Ga 3ϩ :protein ratios of 0.33:1, 0.67:1, 1:1 and 1.5:1. After each addition the pH* of each sample was readjusted to 7.25 using into 0.1 M KCl in 15% D 2 O-85% H 2 O and the pH* (uncorrected meter reading) was adjusted to 7.25 using NaOD and DCl DCl and NaOD. (0.1 M). The wild-type protein concentration was 1.5 mM.
NMR spectra Preliminary NMR experiments showed that the linewidths of NMR spectra were recorded on a Varian Unity 600 spectrometer the mutant W128Y peaks were broader than expected, sugat 310 K. For 1D 1 H-NMR spectra, 256 transients were gesting that the protein was aggregating at concentrations acquired with a 60°pulse width and 16K data points with above~1.5 mM, so the experiments on the mutant protein suppression of HOD using pre-saturation during the 2 s were carried out at lower concentrations (0.48 mM). Then 4 pulse delay. The spectra were resolution-enhanced using a mol equiv. of the synergistic anion oxalate (microlitre aliquots combination of unshifted sine-bell and exponential window of K 2 C 2 O 4 ) were added and the pH* was readjusted to 7.25 functions (Sadler and Tucker, 1992 Region of the structure of transferrin (based on the X-ray data of Bailey et al., 1988) showing the Trp128 hydrophobic patch in helix 5 and Fig. 2 . Distribution of the Tyr residues and position of Trp128 (Tyr in mutant) in the apo-N-lobe of human transferrin, based on the X-ray part of the iron and anion binding site (iron ligands Asp63 and Tyr188 are not shown). H-bonds shown include those involving carbonate and various structure of Fe c -hTF (Zuccola, 1993) with energy minimization as described in the Materials and methods section. residues and the carbonyl of R124 and NH of W128. 
a Sequences are from the Swiss Protein Databank; the numbering system is that of human serum transferrin.
125 Hz and 32 transients were acquired using 4K data points Kinetics of iron release in the 1 H dimension and 128 increments of t 1 , with spectral Iron release reactions were studied in 50 mM HEPES buffer, widths of 10 kHz ( 15 N) and 2 kHz ( 1 H) and a relaxation delay pH 7.4, at 298 K and were monitored by UV-visible spectroof 1.5 s. The 15 N spins were decoupled by using the GARP photometry using a Cary-219 spectrophotometer equipped with sequence. Shifted Gaussian functions were used for processing a thermostated cell. The computer program Olis-219s-Assay in both dimensions.
was used to control the time-based spectral measurements. The protein (final concentration 40-45 µM) was mixed with CD spectra a large excess of Tiron (12 mM) at time zero and the absorbance The samples were dissolved to a concentration of 0.05% at 480 nm (Nguyen et al., 1993) was monitored until at least (w/v) in 0.1 M NaClO 4 . The CD spectra were recorded on a three half-lives had elapsed. Rate constants were obtained by Jasco J600 spectropolarimeter in cells with a path length of fitting the absorbance versus time data to a single exponential 0.02 cm for the UV and visible region.
function with the user-defined non-linear equations in the Energy calculations Axum program (MathSoft, Cambridge, MA). All energy calculations were performed using CHARMm 22.1 Results and visualized using Quanta 3.3, both programs from Molecular Simulations (Cambridge, UK). The atomic coordinates of CD spectra Fe C -hTF determined by X-ray diffraction were provided by It was noticed that samples of W128Y at high concentrations H.Zuccola (Harvard), from which residues 1-334 were taken (2 mM) showed broad 1 H-NMR resonances and this suggested to represent a model of hTF/2N. Mutant W128Y structures that the mutant protein aggregated more easily that the wildwere generated by replacing the Trp128 ring system with that type N-lobe. In order to determine whether the structure of of Tyr; the position of Cγ and the plane of the ring were the W128Y-hTF/2N was significantly altered by the mutation, conserved. After addition of explicit hydrogen atoms to the the CD spectra of the wild-type N-lobe and the mutant were original crystal structures using CHARMm, a large number of compared over the range 190-240 nm. The spectra were van der Waals contacts were found and an excessively high very similar, which suggests that the gross three-dimensional Lennard-Jones energy was obtained for the new structures. It structure of the wild-type protein is retained in W128Y, as was therefore necessary to relieve the unfavourable contacts was also indicated by the energy calculations. We also found within the models by a process of energy minimization. The that N-lobe specific antibodies bound equally to wild-type and structure was first surrounded with a 0.8 nm shell of water mutant proteins, confirming the similarity of the two structures. molecules. The protein atoms were then fixed and the water High-field-shifted 1 H-NMR resonances shell was subjected to 40 steps of steepest descents minimizaIt has been suggested previously (Kubal et al., 1992b ) that the tion followed by conjugate gradient minimization to an r.m.s.
resonances shifted to highest field in the NMR spectrum of gradient of 0.2 kcal/mol.Å. The minimized water shell was transferrin N-lobe arise from the residues surrounding Trp128, then subjected to 10 ps of molecular dynamics simulation at namely Leu122 and Ile132 and that the large secondary shifts 300 K (after heating over 300 steps at 1 K per step and are due to the ring current of this Trp residue. The mutation equilibration for 1.8 ps). Following the dynamics, the water of Trp128 to a tyrosine would be expected to lead to lower shell was again minimized using conjugate gradients to an ring-current effects upon the surrounding residues and cause r.m.s. gradient of 0.1 kcal/mol.Å with the protein atoms fixed.
resonances of these groups to shift to lower field. Figure 3 The entire structure was then minimized to 0.1 kcal/mol.Å shows the high-field regions of the resolution-enhanced NMR using conjugate gradients in a series of steps in which the spectra of wild-type N-lobe and the W128Y mutant. The two protein backbone atoms were subjected to gradually reduced resonances at -0.35 and -0.62 p.p.m. in the spectrum of the harmonic atom restraints of 100, 50, 15 and 2 kcal/Å 2 .
wild-type protein have disappeared in the spectrum of the Finally, all atom restraints were removed and the structure mutant, while the resonance at -0.19 p.p.m. is still present. was minimized to an r.m.s. gradient of 0.05 kcal/mol.Å.
Other weak resonances become visible in the high-field region Ring-current calculations of the spectrum of the mutant and these may be due to groups The heavy atoms of each model were used as input to the in the hydrophobic patch which now experience a weakened program RCCAL (Perkins, 1982) generating predicted ring ring current effect from Y128, or may be one-proton resonances current shifts for all protons in each protein. Calculations were which are overlapped in the spectrum of the wild-type protein. carried out for each model using the ring current intensity
The fact that the high-field resonances disappear (or move) in the spectrum of the W128Y mutant indicates that they could parameters summarized in Table II . Giessner-Prettre and Pullman (1969) . Calculations were also carried out using the ring current intensity parameters of Perkins (1980) , but these gave rise to much poorer agreement with the observed shifts.
Fig. 3.
High-field region of the 600 MHz 1 H-NMR spectra of (A) 1.5 mM apo hTF/2N in 0.1 M KCl, pH* 7.25, (B) ϩ 5 mol equiv. K 2 C 2 O 4 , followed by additions of Ga 3ϩ to give totals of (C) 0.33 mol equiv. Ga 3ϩ and (D) 1 mol equiv. Ga 3ϩ ; (E) 0.48 mM apo W128Y hTF/2N in 0.1 M KCl, pH* 7.25, (F) ϩ 5 mol equiv. K 2 C 2 O 4 , followed by additions of Ga 3ϩ to give totals of (G) 0.33 mol equiv. Ga 3ϩ and (H) 1 mol equiv. Ga 3ϩ . Comparison of (A) and (D) shows that the mutation leads to low-field shifts of the methyl and methylene resonances assignable to Leu122 and Ile132 (see Figure 1) . Binding of Ga 3ϩ to both proteins is strong and there is slow exchange on the NMR time-scale between apo and Ga 3ϩ -bound forms. Peak labelling follows that used previously (Kubal et al., 1993) ; assignments: A, Ile132 γ-CH 2 ; B, Leu122 δ-CH 3 ; D, unassigned.
indeed arise from the methyl and methylene groups of Leu122 Ga 3ϩ and oxalate binding and Ile132 within the hydrophobic patch.
High-field shifted 1 H-NMR resonances. As described previously, addition of oxalate has only small effects on peaks in Ring-current shifts this and other regions of the spectrum, although from these The effect of the tryptophan to tyrosine mutation on the 1 Hshift changes it is possible to calculate an oxalate binding NMR spectrum was modelled. The ring-current shifts for the constant of logK ϭ 4.04 (Kubal et al., 1993) . Small changes resonances of the Leu, Ile and Val groups were calculated for in shifts are also observable for some peaks of W128Y-hTF/ both the wild-type N-lobe and the mutated protein, using an 2N ( Figure 3E and F) on addition of oxalate, which suggests energy-minimized structure of the N-lobe based on the crystal that oxalate also binds to this apoprotein, although no attempt structure of Fe C -hTF. The results are shown in Figure 4 One region of the protein NMR spectrum which is sensitive to metal binding is the in the spectrum of the mutant protein ( Figure 4B ), while the resonance at~-0.2 p.p.m. remains in the same position in the region between 1.8 and 2.3 p.p.m. which contains singlets for the ε-methyl groups of the methionine residues (Gross and two spectra. This closely mirrors the behaviour of the peaks in the observed NMR spectra of the two proteins ( Figure 3A Kalbitzer , 1988) . This region is shown for wild-type and mutant hTF/2N in Figure 5 . The spectra of the apo-proteins are and E).
and there is particular interest in Tyr95 and Tyr188 which are ligands to the metal. This labelling also allowed us to probe directly the area around residue 128 in the W128Y mutant. Table IV ). resonance 4 is apparently unaffected by Ga 3ϩ binding (resonance E in the Ga 3ϩ -bound spectra), for both hTF/2N and the very similar. There are three sharp resonances corresponding to mutant (Tables III and IV (Beatty et al., 1996) , This resonance is much more intense than the corresponding show that the resonance at 2.16 p.p.m., which disappears in resonance in the spectrum of the apoprotein and may reflect a the spectra of both the proteins, is replaced by a resonance loosening of the structure around this region upon metal directly underneath the intense peak at 2.14 p.p.m. and that binding. this resonance is assignable to Met309.
Kinetics of iron release. studied with and without added chloride ions (0.5 M). Reactions of information about metal binding can be obtained from the of both proteins followed pseudo-first-order kinetics under the 1D 1 H-NMR spectrum of transferrin N-lobe. Therefore, in the conditions used and the observed rate constants are listed in present work we explored for the first time the use of 15 N- Table V . It can be seen that Tiron removes iron from the labelling of hTF/2N. We chose to label Tyr residues with Ͼ90% 15 N because these are spread over the whole protein mutant protein about three times faster than from wild-type protein and that chloride retards removal of iron from both of used diamagnetic Ga 3ϩ as a substitute for paramagnetic Fe 3ϩ , these proteins.
since Ga 3ϩ is known to bind tightly to transferrin with carbonate or oxalate as the synergistic anion (Harris and Discussion Pecoraro, 1983; Valcour and Woodworth, 1987; Kubal et al., 1993) and has a similar six-coordinate ionic radius (62 pm) Trp 128 and Trp 460 are conserved residues in the N-lobe and to Fe 3ϩ (65 pm; Shannon and Prewitt, 1969) . There is C-lobe, respectively, of a wide range of transferrins (Table I) .
pharmacological interest in Ga-hTF since 67 Ga is an effective These residues may therefore play roles in the mechanism of radiotracer used in diagnostic medicine (Ward and Taylor, Fe 3ϩ and synergistic anion uptake and release by this protein.
1988). In the available X-ray structures of members of the transferrin
The mutant was produced as a stable recombinant protein, family (rabbit, Bailey et al., 1988; human, Zuccola, 1993;  but appeared to aggregate more readily than the wild-type ovotransferrin, Kurokawa et al., 1995; lactoferrin, Baker, protein and lower concentrations were necessary for NMR 1994), not only are these Trp residues conserved (Table I) , but experiments to avoid broadening of 1 H resonances. The mutaso too are the hydrophobic side-chains of residues stacked tion may give rise to small structural perturbations of the above and below the indole ring: L122-W128-I132, V454-surface residues of hTF/2N, but both the CD and NMR data W460-M464. In cases for which mutations have been found, for the apo-proteins showed that there were no major structural another hydrophobic residue is substituted: W128Y in the case changes. The CD spectra of hTF/2N resemble those reported of the N-lobe of cockroach transferrin and W460L for tobacco previously for intact hTF (Mazurier et al., 1976) . hornworm transferrin. Cockroach transferrin still appears to Because of the broad 1 H-NMR resonances of hTF/2N and bind two metal ions (Jamroz et al., 1993) , but the hornworm because of the severe overlap arising from such a large number protein only one (Bartfeld and Law, 1990) .
of peaks, it is difficult to make 1 H-NMR assignments for the In this work we investigated the effect of a W128Y mutation in the recombinant N-lobe of human transferrin, hTF/2N. We majority of the residues. However, our previous studies had suggested that 1 H-NMR resonances for Leu122 and Ile132 coordinates of Fe C -hTF using residues 1-334, followed by energy minimization. Ring-current calculations on the energywere high-field shifted on account of the large ring current from Trp128. The present study enabled us to confirm these minimized models predicted the correct pattern of high-fieldshifted resonances for Leu, Ile and Val residues, i.e. three assignments. Since the X-ray crystal structure of human apohTF/2N has not been published, we modelled this on the peaks with negative chemical shifts, although the calculated residues (M26, M109, M256 and M309) appear to be similar that metal-induced structural perturbations extend well beyond The relative accuracy of the predictions made from the ringthe immediate metal binding region and are similar in the two current calculations allows us to assign fully the high-fieldproteins. This may be compatible with the proposed movements shifted peaks in the spectrum of hTF/2N. The peak to highest of domains I and II (lobe closure) around a hinge formed by field in the spectrum of the wild-type protein (-0.62 p.p.m.) the two interdomain strands. It is notable that many of is assigned to one of the Ile132 γCH 2 protons, while the peak the tyrosine groups are distributed around this hinge region at -0.35 p.p.m. is assigned to a δCH 3 group of Leu122. These (Figure 2 ). Although it was not possible to make residueassignments are confirmed by the movement to lower field of specific assignments for the peaks in the spectrum of hTF/2N, both peaks in the spectrum of W128Y hTF/2N, caused by the the new [ 1 H, 15 N] peak which appears in the spectrum of protons experiencing a lower ring-current effect from the W128Y hTF/2N and which is not present in the spectrum of tyrosine aromatic ring, as predicted by the ring current calculathe wild-type protein can be assigned to Tyr128. It is a tions. NOESY spectra of hTF/2N are also consistent with relatively broad peak in the spectrum of the apo protein (Figure assignment of the highest field peak (which integrates as a 6C), but appears to increase in intensity greatly in Ga 3ϩ -oxsingle proton) to a methylene proton of an Ile residue . This effect may et al., 1993) .
originate in the movement of the side chain of Arg124, which We used 1 H-NMR spectroscopy to investigate differences is H-bonded to the synergistic anion. The backbone carbonyl in Ga 3ϩ and oxalate binding by the wild-type and mutant of Arg124 is H-bonded to the amide nitrogen of TPP128 in proteins. A few regions of the spectrum have resolved resonthe modelled structure of apo hTF/2N (Figure 1 ). ances which are sensitive to binding. One of these is between It is evident that the mutation exerts a significant effect on 1.8 and 2.3 p.p.m. containing the resonances of the Met SCH 3 the kinetics of metal release even though the induced structural groups ( Figure 5 ). The resonance which is affected by Ga 3ϩ changes are small, iron being removed by Tiron much faster binding only in the mutant protein has been assigned to Met from the mutant than from the wild-type protein (Table V) . 313 (Beatty et al., 1996) and it is interesting that this residue This could imply that the interdomain cleft of the mutant is affected by the mutation even though it is~16 Å away from protein opens more readily, reducing the activation barrier for entry of Tiron. However, there are several other steps in the Trp128. The changes in the resonances of the other Met
